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ABSTRACT
We consider a sample of 107 Gamma Ray Bursts (GRBs) for which early UV emission was measured
by Swift, and extrapolate the photon intensity to lower energies. Protons accelerated in the GRB jet
may interact with such photons to produce charged pions and subsequently ultra high energy neutrinos
εν ≥ 1016 eV. We use simple energy conversion efficiency arguments to predict the maximal neutrino
flux expected from each GRB. We estimate the neutrino detection rate at large area radio based
neutrino detectors and conclude that the early afterglow neutrino emission is too weak to be detected
even by next generation neutrino observatories.
Subject headings: astroparticle physics — gamma-ray burst: general — neutrinos
1. INTRODUCTION
Gamma Ray Bursts (GRBs) are the most powerful ex-
plosions in the Universe. The widely used phenomenolog-
ical interpretation of these cosmological sources is the so
called Fireball (FB) model (Piran 2000; Meszaros & Rees
2000). In this model the energy carried by the hadrons in
a relativistic expanding jet (Fireball) is dissipated inter-
nally and distributed between protons, electrons, and the
magnetic field in the plasma. Part of the bulk kinetic en-
ergy is radiated as γ-rays (i.e. GRBs) by synchrotron and
inverse-Compton radiation of (shock-)accelerated elec-
trons. As the jet sweeps up material it collides with its
surrounding medium, which could give rise to Reverse
Shocks (RS) and Forward Shocks (FS) (Gao & Me´sza´ros
2015). The former may produce an early UV and opti-
cal afterglow (Waxman & Bahcall 2000) while the lat-
ter is believed to be responsible for the afterglow emis-
sion at longer wavelengths (Me´sza´ros & Rees 1997). The
same dissipation mechanism responsible for accelerating
electrons that produce the prompt and afterglow pho-
tons may also accelerate protons to ultra high energies
(εp ≥ 1019 eV). The interaction of these protons with ra-
diation at the source during the prompt phase (Waxman
& Bahcall 1997) and during the afterglow phase (Wax-
man & Bahcall 2000) could lead to production of charged
pions, which subsequently decay to produce neutrinos.
High energy protons can interact with optical and
Ultra-Violet (UV) photons that are radiated by elec-
trons in the reverse shock leading to ∼ 1017 eV neu-
trinos via photo-meson interactions (Waxman & Bahcall
2000). For afterglow emission that peaks at infra-red en-
ergies, neutrinos may be produced with energies up to
∼ 1019 eV.
These Ultra High Energy Neutrinos (UHENs) would
be delayed with respect to the prompt GRB by the time
scale of the RS (∼10-100 s). The same energy conver-
sion efficiency arguments made to assess the neutrino
flux from GRB 990123 (Waxman & Bahcall 2000) can
be used for other GRBs, that have much weaker opti-
cal emission, leading to a substantially smaller estimated
neutrino flux.
The Swift observatory comprises the γ-ray Burst Alert
Telescope (BAT), which triggers the X-Ray Telescope
(XRT), and the UV/Optical Telescope (UVOT) (Roming
et al. 2008), which provides rapid follow-up observations
of GRBs at UV and optical wavelengths. Typical time
delays from the BAT trigger to first UVOT observations
range from 40 to 200 s, making UVOT a good instrument
for measuring the early afterglow optical-UV emission.
Neutrino astronomy has steadily progressed over the
last half century, with successive generations of detec-
tors achieving sensitivity to neutrino fluxes at increas-
ingly higher energies. With each increase in neutrino
energy, the required detector increases in size to com-
pensate for the dramatic decrease of the flux. IceCube is
a Cherenkov detector (Halzen & Klein 2010) designed
specifically to detect neutrinos at GeV-PeV energies.
Since May 2011 ((Abbasi 2011; Aartsen et al. 2013)),
IceCube has been working with a full capacity of 86
strings, and measured for the first time flux of astro-
physical neutrinos. So far no point sources of neutrinos
were identified and no correlation with known GRBs were
found (Kurahashi 2012; He et al. 2012; Whitehorn 2012;
Aartsen et al. 2015). Antarctic ice allows for an effi-
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2cient area coverage that makes it possible to construct
detectors of order tens to hundreds of km2, and several
small-scale pioneering efforts to develop this approach
exist (Kravchenko et al. 2012; Landsman et al. 2009;
Gorham et al. 2010). A modular, radio Cherenkov emis-
sion based experiment, the Askaryan Radio Array (ARA)
was initiated four years ago. The current stage includes
two functioning stations out of the planned 37. The com-
plete detector, ARA37, would cover a hexagonal grid of
∼ 100 km2, and is designed to ultimately accumulate
hundreds of cosmogenic neutrinos (Karle et al. 2014).
The Antarctic Impulsive Transient Antenna (ANITA)
experiment, based on a balloon flying over the Antarctic
to detect neutrino hits using radio Cherenkov radiation,
has already accumulated data in three flights. Neither
experiment has yet to detect a high energy neutrino sig-
nal.
In this work, we exploit the optical and UV data from
the Swift/UVOT to infer the neutrino flux from each
GRB, and estimate the probability that these neutrinos
would be detected by future large scale observatories.
In Sec. 2 we introduce the selected GRB sample. In
Sec. 3 we describe the model and asses its parameters. In
Sec. 4 we describe the resulting prediction for neutrinos,
and discuss their consequences for the model.
2. UVOT SAMPLE
The present UVOT sample includes long GRBs (2 <
T90 < 700 s) detected by Swift from March 2005 to
November 2014. We take only UVOT detections that
started less than 200 seconds after the BAT trigger, and
UVOT exposures Texp ≤ 300 s. We only use GRBs with
known redshifts. and exclude GRBs for which only upper
limits are provided. For each GRB we use the filter effec-
tive area and magnitude to calculate the photon count.
We calculate the flux by dividing the photon count by
the estimated length of the reverse shock, or the total
exposure time, whichever is shorter. We use the BAT
fluence (in the 15 − 150 keV band) as well as the GRB
duration, T90, the time at which the BAT measured flux
drops down to 90%. All data are taken from the Goddard
Space Flight Center website1.
Our sample includes 107 GRBs (out of ∼ 900 Swift
bursts). The redshift distribution of the present sam-
ple is essentially identical to the full Swift sample. The
two distributions are plotted in Figure 1 along with the
mean/median figures for the full swift sample vs. the cho-
sen subsample. The requirements for early detection and
for redshift measurement are due to observational limita-
tions, and do not bias the sample beyond the Swift field
of view and sensitivity limitations.
The mean (median) BAT fluence of the present sample
is 75% (55%) that of the full sample, see Figure 2. Since
our neutrino flux estimate scales with the GRB UV lumi-
nosity, the moderate bias towards high luminosity GRBs
in our sample increases the expected mean neutrino flux
and so should be considered as an upper limit estimate
for the neutrino luminosity of the full GRB population.
3. MODEL PARAMETERS
1 Website: http://swift.gsfc.nasa.gov/archive/grb_table/
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Fig. 1.— Redshift distribution for the full sample (black line) and
for the subset for which exists a UVOT detection (red line). The
two sample have a similar distribution, as can be seen by comparing
the mean and median values of the two samples.
]2 [ergs/cmBAT F
1 2 3 4 5 6 7 8 9
-610×
 
n
u
m
be
r o
f G
RB
s
0
50
100
150
200
250
300
350 Full swift sample.   N= 882  
Mean= 1.84e-06 Median= 9.59e-07  
UVOT subsample.    N= 882  
Mean= 2.40e-06 Median= 1.76e-06  
(normalized to full sample)  
Fig. 2.— Distribution of BAT fluence for all GRBs detected by
Swift compared with the present subsample, which is factored up
by the number ratio of the two samples. The sample is biased by
a factor of 0.8 towards brighter events.
The BAT measured fluence FBAT can be converted into
an isotropic equivalent γ-ray energy at the source,
Eγ =
4pi
1 + z
d2L FBAT (1)
based on the luminosity distance dL and measured red-
shift z. The luminosity distance is calculated using the
cosmological parameters (Lahav & Liddle 2014): Øm =
0.3,ØΛ = 0.7, and H0 = 73.8 km s
−1 Mpc−1.
We adopt the hypothesis of the present model that the
total γ-ray energy is equal to the electron energy Ee,
since in the prompt emission phase the electrons cool
much faster than the dynamical timescale. We define
ξe to be the fraction of the total energy Ee/(Ep + Ee)
carried by the electrons, where Ep and Ee represent the
total energy in protons and in electrons, respectively. Ep
includes all proton energies from εp,min = Γmp up to
εp.max = 10
22 eV. The proton flux model is assumed to
follow a power law with slope α = −2. We assume all
GRBs have the same ξe ≈ 0.1 (e.g. (Wygoda et al. 2015))
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Fig. 3.— Two example GRB synchrotron spectra. The slow rise,
peak energy εγm and cooling break εγc are shown on the plot.
The very bright GRB990123 has peak luminosity only ∼ 2 times
stronger than the example GRB050319 from our sample, but has
much lower peak energy εγm, and thus a much lower UVOT band
fluence.
so that the total proton energy is determined directly by
the BAT fluence measurement Ep = 9Eγ . Assuming
a single ξe value is a simplification that yields a sample
mean of 〈Ep〉 = 1053 erg (for εp ≥ 1019 eV), which allows
GRBs to be the source of high energy cosmic rays (Wax-
man 1995).
Both the FS and the RS can contribute to the early
(t ≤ 200 s) optical-UV afterglow, it is not clear, how-
ever, if the FS can accelerate protons to energies that
could yield ultra-high energy neutrinos. In any case, the
symplifying assumption that the optical-UV flux is due
to the RS gives only an upper limit on the neutrino flux.
The photon spectrum can be described as a broken
power law as expected for synchrotron emission (see Fig-
ure 3). The energy at which this emission peaks is
εobγm = ~Γγ2
3eB
2mec
= 0.6ξ2e,−1ξ
1/2
B,−2n0
(
Γi
300
)2
eV (2)
where γ is the typical electron Lorentz factor in the
plasma, and the general expression is boosted by the jet
Lorentz factor Γ.
The typical values of ξe = 0.1ξe,−1 and ξB = 0.01ξB,−2
have been used, as well as the isotropic equivalent energy
Eiso = 10
53E53 erg, the typical RS time T = 10T1 s and
the ISM density n0 in cm
−3. The Lorentz factor of the
unshocked plasma Γi ∼ 300 is used.
The photon spectrum follows an approximate power
law dN/dε ∝ εα with index α = −2/3 up to
the peak energy, beyond which the photon spectrum
drops as α = −1.5. At a break energy εγc =
300ξ
−3/2
B,−2n
−1
0 E
−1/2
53 T
−1/2
1 eV the spectrum steepens to
α = −2, as very energetic electrons tend to cool faster
than the dynamical time scale.
The luminosity density at the synchrotron peak pro-
duced by a total Ne number of electrons is
Lγm =
√
3
2
Γ
2pi~
e3B
mec2
Ne
= 6× 60 ξ1/2B,−2E5/453 T−3/41 n1/40
(
Γi
300
)−1
s−1 (3)
which again is the general expression, boosted by Γi.
The specific luminosity depends on the total energy of
the burst and other model parameters that cannot vary
much between GRBs in the sample, so that the lumi-
nosity at the peak changes only by factor of a few. The
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Fig. 4.— Calculated peak syncrotron energy for GRBs in the
sample, extrapolated from the UVOT band down to lower energy,
assuming a power law of dNγ/dεγ ∝ dε−1.5γ .
energy at which the flux peaks, however, is treated as
a free parameter, and may take very different values for
different GRBs measured.
With UVOT we measure the total energy in the band
LUV =
∫ 7 eV
1 eV
Lγdεγ (4)
so the measured UV luminosity depends on the position
of the peak energy (Eq. 2), which we find by extrapo-
lating the spectrum from the UVOT band back to lower
energies. For a given peak energy, the flux model, ex-
tinction corrected, is integrated with the UVOT effec-
tive area curve, and compared with the measurement.
For each GRB the energy of the peak is adjusted so that
the expected and measured fluxes coincide. The calcu-
lated εobγm values for GRBs in our sample are shown in
Figure 4.
4. NEUTRINOS FROM THE REVERSE SHOCK
Ultra High Energy Neutrinos (UHENu’s) may be pro-
duced in GRBs through photo-proton interactions that
produce charged pions, which in turn decay and emit
neutrinos. The fraction of proton energy that is trans-
ferred to pions depends on the availability of photons at
the right energy to produce pions, e.g., through the ∆
resonances (Waxman & Bahcall 2000). In each interac-
tion a constant fraction (∼ 20%) of the proton energy
is transferred to the pion, that decays into four particles
(three neutrinos and a positron), each getting ∼ 5% of
the proton energy.
The position of the synchrotron peak εγm determines
the efficiency for the relevant proton energy (Waxman &
Bahcall 2000),
fpi(εp) = 0.01
(
Lγm
1060 s−1
)(
Γs
250
)−5
T−11 (ε
ob
γmε
ob
p,20)
1/2
(5)
for protons at εp = 10
20εp,20 eV, taking a Lorentz factor
Γs ∼ 250 for the shocked plasma. The efficiency scales
linearly with Lγm, but has a very strong dependence on
the Lorentz factor. For the typical luminosity density
and Lorentz factor of the present sample Lγm = 10
58 s−1
and Γs = 250, fpi is approximately 10
−4, which drives
down the pion and neutrino yields considerably.
Photons above εγc follow a steeper power law, causing
a steeper dependence of fpi ∝ εp for the relevant pro-
ton energies. Therefore the neutrino spectrum can be
described as a broken power law, following the baseline
proton spectrum modulated by the photon density at
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Fig. 5.— Average neutrino quasi-diffuse flux, in thick black line,
given by the average of the neutrino fluxes in our sample. The
flux is calculated for all flavors of neutrinos and anti-neutrinos
combined. Compare the neutrino flux to the ANITA sensitivity
from Gorham et al. 2010, in pink full circles, and ARA sensitiv-
ity from Karle et al. 2014 in blue empty circles. The diffuse flux
from Waxman & Bahcall 2000, in red dotted line, is based on the
very bright GRB990123, that is non representative of the sample
in this work.
each energy:
dNν
dεν
∝
{
ε−1ν εν < ενc
ε−1.5ν εν > ενc
(6)
The neutrino break energy is at ενc = 2×1018 eV, corre-
sponding to a photon break energy of εγc = 300 eV, and
scales inversely with it.
Using these formulae, and based on the observed GRB
luminosities and redshift, we calculate for each burst the
expected neutrino flux. We estimate the expected quasi-
diffuse neutrino flux by multiplying the mean GRB flux
by the total number of GRBs all over the sky per year
(1000 yr−1), and by dividing by 4pi sr (Figure 5, thick
black line). When compared with the ANITA sensitivity
from Gorham et al. 2010 (pink, full crosses) and the ARA
sensitivity from Karle et al. 2014 (blue, empty circles), it
is clear that even at high energies, this diffuse neutrino
flux is at least four orders of magnitude too weak to be
detected by any current or planned detectors. Changes to
the kinematic parameters, e.g. the plasma Lorentz factor,
make little difference in the overall neutrino flux, and
even for very favorable choices the flux of neutrinos is
still too low to be detected.
In Figure. 5 we also plot the diffuse flux estimated
in Waxman & Bahcall 2000, as the red dotted line. This
estimate was based on the assumption that all GRBs are
as bright as the single GRB990123 that had a peak lu-
minosity of Lγm = 10
60 s−1 in the optical band, which is
an order of magnitude higher than the luminosities (at
equivalent energies) in the UVOT sample. Therefore, it
can not represent the sample in this work, or the popu-
lation of GRBs at large.
Radio frequency high energy neutrino detectors have
fairly similar sensitivity to all flavors of neutrinos. Hence,
neutrino oscillations do not dramatically affect the esti-
mates of detection rates. We estimate the expected de-
tection rate for the combined contributions of neutrinos
and anti-neutrinos of all flavors. To obtain the number
of neutrinos to be measured on Earth, we fold the model
neutrino fluence spectrum of a single GRB dNν/dεν/dA
(from Sec. 4) with the energy-dependent ARA37 effective
area Aeff(εν).
Nν =
∫ εν,max
εν,min
Aeff(εν)
dNν
dενdA
dεν (7)
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Fig. 6.— Effective area of ARA37, for all neutrino and anti-
neutrino flavors.
The effective area, shown in Figure 6, is the product
of the ARA effective volume (Karle A. & ARA collab-
oration 2013), the ice density, and the cross section for
neutrino absorption by an ice atom nucleon (Connolly
et al. 2011). Below εν ∼ 1016 eV the efficiency for radio
detection of neutrinos drops very rapidly, while above
εν ∼ 1020 eV the detector trigger is saturated, and the
effective area rises only through the logarithmic increase
in cross section. The number of neutrinos we expect to
detect for an average GRB in our sample is 8.4 × 10−7.
For 1000 GRBs a year (full sky), this implies a total neu-
trino detection rate of 6.7× 10−5 yr−1, thus we conclude
that early afterglow neutrinos will not be detectable even
in the next generation of neutrino observatories.
Looking at extremely bright GRBs both before and
during the swift era, some bursts show substantial emis-
sion at early times that can be attributed to the RS (Gao
& Me´sza´ros 2015). The peak synchrotron energy and
the neutrino flux can be calculated for these bursts using
the same calculation made for the entire sample (supple-
menting data that was unavailable with reasonable esti-
mates). For GRB990123 we use the measured magnitude
M = 9 and redshift z = 1.6 (Gisler et al. 1999) to recover
parameter values similar to those presented in (Waxman
& Bahcall 2000). The number of neutrinos expected in
ARA37 from this single GRB would be Nν ∼ 2 × 10−4.
If all GRBs had similar parameters, the number of de-
tections per year would be about NGRBs/4pi ≈ 100 times
this number, still below the detection threshold for ARA.
For GRB080319B, among the brightest GRBs recorded
by swift, we can only estimate the true magnitude since
UVOT had been saturated at M = 13.9 in the white fil-
ter. At this value the number of detections Nν ≈ 5×10−6
is not exceptional. Using greater magnitude value for
this burst, which is estimated to have peaked at M ∼
5.3 (Racusin et al. 2008), the number of neutrino detec-
tions would be 0.1 . Nν . 10, depending critically on
the value chosen for the prompt ξe and the maximum
proton energy. Clearly such a burst is not representa-
tive, but had it occurred during the operation period of
any large area neutrino detector it may well have been
detected.
The data collected by UVOT for GRB130427A is only
available starting at T = 358 s, making it ineligible for
our sample. It is, however, a very bright GRB, and we
can assume its brightness at t ∼ 100 s is similar to the
first measurements made. For the magnitude of the first
measurement in the V filter M = 12.1 (Maselli et al.
2013) we get Nν ≈ 5× 10−6 neutrino detections.
In the present sample and within the assumptions of
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the model, we find that the UVOT fluence is a good
predictor of the expected neutrino rate. Although the
neutrino flux in the model scales with the total GRB
energy, estimated by the BAT γ-ray fluence, the neutrino
flux is strongly modulated by fpi, which is determined
by the intensity of the optical-UV photons available for
photon-proton interactions. Figure 7 shows the strong
correlation between the fluence measured in UVOT and
the total number of expected neutrinos.
5. DISCUSSION AND CONCLUSIONS
In this work, we calculated the expected ultra high en-
ergy neutrino flux from the reverse shock in the early
GRB afterglow. We use the observed Swift/UVOT flux
as a proxy of the photon energy content in the reverse
shock, which is the target for the photon-meson produc-
tion of neutrinos. The redshift and BAT fluence distri-
butions of the present UVOT sample are representative
of the full Swift GRB sample, with only a slight bias in
favor of brighter events in the BAT fluence distribution.
Optical-UV measurements taken within the time frame
of the early afterglow (40 . t . 200 seconds) are much
lower than anticipated by the RS-optical flash model,
suggesting that the peak of the synchrotron emission for
most GRBs in the sample is 10−6 . εγm . 10−1 eV or
10µm . λγm . 1 m. Measurements in this band, or even
in the infra red, taken within the same time window can
confirm or rule out this scenario. Alternatively, the RS
may occur at a much earlier time (i.e. . 40 seconds),
so that UVOT measurements cannot probe the tempo-
ral peak of the emission. In this case the intensity and
peak energy of the RS emission may be much higher, as
suggested in (Waxman & Bahcall 2000). Further mea-
surements using faster response detectors or a detection
of UHENu’s . 40 seconds after the burst could confirm
this hypothesis. The low intensity may also indicate the
entire paradigm of reverse shock acceleration does not ex-
plain the early afterglow emission (Murase 2007). Using
the UVOT data presented here we cannot rule out any
of these possibilities. A detection of an UHENu, as well
as measurement of the energy and time delay of such a
neutrino would immediately differentiate between these
possibilities.
The neutrino fluxes obtained based on the low peak
energy RS result are approximately four orders of mag-
nitude below the detection sensitivity of present and fu-
ture high-energy neutrino telescopes. This predicted flux
from the reverse shock is much lower than that expected
from (100 keV) photon meson production in the prompt
phase (Guetta et al. 2004; Yacobi et al. 2014). Moreover,
two aspects of our analysis may cause an underestimate
of the neutrino flux, hence, the present estimate provides
an upper limit on the neutrino flux, which is, even in the
most optimistic case, well below the detection threshold.
First, we assume that all of the optical-UV emission is
due to the reverse shock, and that these photons are in
the same region where the protons are accelerated. This
implies that the efficiency for pion production is maxi-
mal. If part of the UV flux comes from the forward shock,
the expected neutrino flux would be even lower than our
estimate. Furthermore, the present sample is somewhat
biased towards high-luminosity GRBs, as we miss the
weakest UV sources. On average, the present sample is
80% brighter than the full sample. Hence, the average
neutrino flux from the full GRB population would be
lower by ∼ 0.8 than estimated here.
We note that the spectrum of neutrinos due to the
prompt emission phase would peak at ∼ 1015 eV, while
future radio based neutrino detectors (e.g., ARA) will be
more sensitive above 1017 eV. For a high neutrino flux at
these energies, ∼ 1019 eV protons need to interact with
the low-energy (keV) tail of the prompt emission at a
sufficiently high rate. The fact that prompt neutrinos
from GRBs have not yet been detected (Aartsen et al.
2015) together with the low fluxes from the afterglow
predicted here, imply that ARA may not be optimal for
GRB neutrino detection. This conclusion is independent
of the fact that radio based neutrino observatories are
still well suited for detecting cosmogenic neutrinos.
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